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Recognition memory for object form and
object location: An event-related potential study

A. MECKLINGER and R.-M. MEINSHAUSEN
Max-Planck-Institute ofCognitive Neuroscience, Leipzig, Germany

In this study, the processes associated with retrieving object forms and object locations from work
ing memory were examined with the use of simultaneously recorded event-related potential (ERP) ac
tivity. Subjects memorized object forms and their spatial locations and made either object-based or
location-based recognition judgments. In Experiment 1,recognition performance was higher for object
locations than for object forms. Old responses evoked more positive-going ERP activity between 0.3
and 1.8 sec poststimulus than did new responses. The topographic distribution of these old/new ef
fects in the P300 time interval was task specific, with object-based recognition judgments being asso
ciated with anteriorly focused effects and location-based judgments with posteriorly focused effects.
Late old/new effects were dominant at right frontal recordings. Using an interference paradigm, it was
shown in Experiment 2 that visual representations were used to rehearse both object forms and object
locations in working memory.The results of Experiment 3indicated that the observed differential topo
graphic distributions of the old/new effects in the P300 time interval are unlikely to reflect differences
between easy and difficult recognition judgments. More specific effects were obtained for a subgroup
of subjects for which the processing characteristics during location-based judgments presumably were
similar to those in Experiment 1.These data, together with those from Experiment 1,indicate that dif
ferent brain areas are engaged in retrieving object fonus and object locations from working memory.
Further analyses support the view that retrieval of object forms relies on conceptual semantic repre
sentation, whereas retrieving object locations is based on structural representations of spatial infor
mation. The effects in the later time intervals may playa functional role in post-retrieval processing,
such as recollecting information from the study episode or other processes operating on the products
of the retrieval process, and presumably are mediated by right frontal cortical areas. The results sup
port the view of functionally dissociable object and spatial visual working memory systems.

Working memory is generally conceptualized as a sys
tem that enables the representation of information in its
absence, as well as the control of activation ofthese rep
resentations (see Posner & Raichle, 1994). Although work
ing memory essentially had been considered to be a uni
tary short-term store of limited capacity (Atkinson &
Shiffrin, 1968), recent models have assumed that differ
ent kinds ofinformation are stored and processed indepen
dently in working memory (cf. Baddeley, 1986; Dane
man & Tardif, 1987). Baddeley's model is perhaps the most
articulated working memory model in this respect and
assumes two independent storage systems for phonological
and visual-spatial information: a phonological loop and
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a visuospatial sketch pad, both ofwhich are controlled and
coordinated by a central executive component.

The notion ofa unitary storage system for visual-spatial
information has been challenged by neurological evidence
suggesting that object properties, such as shape and color,
and spatial properties, such as location or velocity, are pro
cessed in functionally and neuroanatomically different
systems. The object properties pathway connects the oc
cipital lobe with the inferior temporal lobe, and the spa
tial properties pathway runs from the occipital lobe to the
parietal lobe. These dissociations have been inferred from
selective deficits in visual discrimination tasks after dam
age to temporal or parietal cortical brain regions (Unger
leider & Mishkin, 1982). Experimental lesions to the
parietal lobe ofmonkeys selectively impair the visual dis
crimination ofan object's spatial location, whereas, after
lesions to the temporal lobe, the monkeys are unable to
discriminate between object forms (for an overview, see
Ungerleider & Haxby, 1994). The two neuroanatomical
systems representing object and spatial properties have
been called the ventral what and the dorsal where systems,
respectively (Ungerleider & Mishkin, 1982). Recent
work, however, indicates that there is a considerable de
gree ofcross-talk among the neuronal systems mediating
the identification and localization of objects (see, e.g.,
van Essen, Anderson, & Felleman, 1992). Other studies
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suggest that the two systems are better characterized in
terms of the output functions they subserve rather than
the type of information being processed (Goodale &
Milner, 1992; see also Ingle, 1993). This latter work ar
gues against too simplistic views of the what and where
bifurcation.

The functional and neuroanatomical dissociation in
the processing of object-based (what) and spatial-based
(where) information in animal research is paralleled by
neuropsychological studies. Patients with temporo
occipital lesions have large impairments in tasks requir
ing the imaging ofobject features (e.g., parts of familiar
animals) but have no difficulties in spatial tasks such as
mental letter rotation (Farah, Hammond, Levine, & Cal
vanio, 1988). Other patients show the reverse pattern of
deficits (Farah, 1988). A similar double dissociation with
neurological patients was reported by Newcombe, Rat
cliff, and Damasio (1987).

Whereas the notion ofdissociable systems for process
ing object-based and spatial-based information in the
above-mentioned studies was inferred from selective def
icits after experimental or clinical brain lesions, there is
also evidence from studies using the dual-task interfer
ence paradigm, according to which working memory
functions in intact human subjects can be segregated along
these lines. With this paradigm, it is possible to examine
selective interference effects that occur when the degree
of interference from processes drawing on different hy
pothetical modules is small and interference between pro
cesses drawing on the same module is pronounced (for an
overview, see Baddeley, 1990). For example, in a study
by Tresch, Sinnamon, and Seamon (1993), object memory
was found to be selectively impaired by a color discrim
ination object interference task, whereas spatial memory
was selectively impaired by a movement discrimination
spatial task. Similar results were reported by Baddeley
and Lieberman (1980) and by Logie and Marchetti (1991).

Such selective interference effects are also compati
ble with the results of recent functional brain-imaging
studies, which indicate that the maintenance ofobject in
formation and spatial information in working memory is
mediated by different brain regions. For example, E. E.
Smith et al. (1995) used the positron emission tomography
(PET) technique to examine brain activation during
working memory operations for spatial and object infor
mation. Comparing an object and a spatial working
memory task with corresponding perceptual tasks re
vealed pronounced right-hemisphere activity in occipi
tal, parietal, and prefrontal areas in the spatial task,
whereas left inferior temporal and parietal activation was
obtained in the object task.

Analogous separations for object-based and spatial
based information at even higher levels of cognition have
recently been proposed by Landau and Jackendoff( 1993).
Their model assumes that the functional disparity for
what and where information in the visual domain is par
alleled in the language domain by the way language en
codes objects and places (Landau & Jackendoff, 1993; see

also Landau & Stecker, 1990). Although this latter notion
ofa linguistic disparity between object and spatial prop
erties is still controversial and requires further empirical
verification (cf. Friederici, 1993), the data from dual-task
interference studies and functional brain-imaging stud
ies provide good evidence for a separation ofobject pro
cessing and spatial processing in visual working memory.

The major goal ofthe present study was to examine par
ticular aspects of visual working memory-namely, the
processes associated with the retrieval ofobject and spa
tial information from working memory-by analyzing be
havioral measures and event-related potentials (ERPs).
ERPs are small voltage oscillations measured at the scalp
that are time-locked to the processing of externally pre
sented events. Differences in amplitude or latency ofpar
ticular ERP components can be used to make inferences
about the timing and nature ofstimulus processing under
different experimental conditions (Hillyard & Kutas,
1983). Moreover, the scalp topography ofparticular ERP
components allows differentiation between the brain
systems mediating particular aspects of cognitive pro
cessing (Gevins, Cutillo, & M. E. Smith, 1995; Johnson,
1993). On the basis of their high temporal resolution (i.e.,
in the millisecond domain), ERPs can be used to distin
guish between working memory operations, such as en
coding, retention/rehearsal, or retrieval operations, by
suitable separations along the time dimension. For in
stance, negative slow waves in the ERP during the reten
tion interval of a working memory task have been found
to be correlated with the type and amount of materials
rehearsed in working memory (Ruchkin, Johnson, Graf
man, Canoune, & Ritter, 1992). Moreover, it has been ar
gued that negative slow waves have task-specific topog
raphies and reflect increased neuronal activity in restricted
neocortical layers close to the electrode sites at which
they are recorded (Birbaumer, Elbert, Canavan, & Rock
stroh, 1990; Resler, Heil, & Hennighausen, 1995).

ERPs associated with retrieval operations have been
examined in a large variety of tasks, such as continuous
recognition (Rugg, Furda, & Lorist, 1988) and study
test designs (Mecklinger, Kramer, & Strayer, 1992) using
verbal (Karis, Fabiani, & Donchin, 1984; Paller & Kutas,
1992; M. E. Smith & Halgren, 1989) and nonverbal ma
terials (Barrett, Rugg, & Perrett, 1988; Friedman & Sut
ton, 1987). A consistent finding of these studies is that
correctly recognized old stimuli evoke more positive
going waveforms than do correctly recognized new stim
uli, starting around 300 msec poststimulus and persisting
for several hundred milliseconds. This difference is com
monly referred to as the old/new effect (for an overview,
see Rugg, 1995). It has been proposed that the magni
tude of the old/new effect is correlated with the amount
of information retrieved (Rugg, Cox, Doyle, & Wells,
1995). For example, in study-test paradigms, the magni
tude of the old/new effect interacts with memory load
that is, the difference between old and new stimuli gets
smaller the more information has to be retained in mem
ory (cf. Mecklinger et al., 1992) and is virtually absent
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with large memory sets, such as eight items (cf. Meek
linger & Miiller, 1996). Old/new effects with the above
mentioned temporal characteristics are not observed
with stimuli that are erroneously classified as old or with
old stimuli classified as new (Neville, Kutas, Chesney, &
Schmidt, 1986; M. E. Smith, 1993), indicating that es
pecially old/new effects that onset around 300 msec are
associated with memory retrieval operations. From a
functional point of view, it is assumed that the repetition
of an item initiates the retrieval of a memory trace
formed on its initial presentation and that this process
leads to an enhanced positive ERP component (Paller &
Kutas, 1992; Paller, Kutas, & McIsaac, 1995). In light of
the above-mentioned findings, ERP old/new effects ap
pear to be a valuable method for monitoring access and
retrieval of object and spatial information from working
memory.

The present experiments contrasted the retrieval of
object-form information and object-location information
from working memory. In order to ensure that retrieval
operations can be disentangled from differences in mem
ory organization that arise during encoding, a modified
study-test procedure was employed. In this procedure,
the study phases were kept identical for the object and spa
tial recognition tasks. However, prior to the test phases,
a task cue was presented indicating whether recognition
judgments for object forms or object locations would be
required. Thus, performance of this task required the en
coding ofobject forms and their respective locations, hold
ing both features over a delay period, rehearsing only the
recognition-relevant features after presentation of the
task cue, and, finally, retrieving either object forms or
object locations from working memory during the test
phases. This procedure enables us to examine ERP ac
tivity evoked by old and new recognition judgments for
object locations and object forms, using physically the
same test stimuli in both recognition tasks.

In Experiment 1, processes associated with the retrieval
ofobject forms and object locations from working mem
ory, using performance and ERP measures, were exam
ined. In Experiment 2, different interference tasks were
interpolated between the study and the test phases in
order to examine whether object forms could be more
easily recoded into verbal forms than could object loca
tions. In Experiment 3, retrieval operations for object
forms and object locations were again examined, using
ERP measures, with performance being on a comparable
level for both recognition tasks.

EXPERIMENT 1

In Experiment 1, the subjects were required to mem
orize four sequentially presented abstract geometrical
objects and their respective locations within a two
dimensional matrix. Prior to each test phase, the subjects
were informed by a briefly presented task cue whether
they would have to make recognition judgments with re
spect to object forms or object locations. In the object

task, the subjects had to decide, for each of the sequen
tially presented objects, whether it was one of the studied
objects, irrespective of its matrix position. Analogously,
in the spatial task, the subjects had to decide, for each spa
tiallocation at which an object appeared, whether it was
from the previous study phase. In an attempt to minimize
verbal rehearsal of the stimulus materials, a verbal inter
ference task was interpolated between the study and the
test phases. If different processes are engaged in retriev
ing object forms and object locations from working mem
ory, this should be reflected by differential temporal and
topographical characteristics ofthe old/new effects evoked
by the two types ofrecognition judgments. Analogously,
if different cortical areas are engaged in the rehearsal of
object forms or object locations, we expect topographically
different ERP patterns to be evoked by the task cues.

Method
Subjects

Sixteen volunteers (8 male) between 19 and 32 years of age
(mean, 27 years) participated in this experiment. All the subjects
were students. They had normal or corrected-to-normal vision,
were right-handed, and were paid 12 DM/h for their participation.
None of the subjects had any prior experience with the task.

Stimuli
All the stimuli were presented on a 17-in. VGA monitor under

the control of a 486 computer. They consisted of the following 12
simple geometric forms: circle, cross, triangle, ellipse, rectangle,
diamond, square, bend, ring, trapezoid, hexagon, and parallelo
gram. All the objects were presented in I of 12 equally spaced
squares of a 4 x 3 grid with horizontal and vertical sidelines of 28
and 21 em, respectively. The height and width of each square was
7 ern, and the average diameter ofthe object forms was 5.5 em. All
the stimuli and the grid were presented in blue (RGB color, 0:0: 100)
against a light gray background (RGB color, 90:90:90).

Procedure
The subjects were seated comfortably in a dimly lit room in front

ofthe monitor. They sat at a distance ofabout 90 em from the screen
and held a small response box on their laps. Each subject performed
one session that included 70 study-test trials. The temporal se
quence of a trial is displayed in Figure I.

The subject started each trial by pressing a button. Next, four ob
jects were presented sequentially at random positions within the 4
X 3 spatial matrix. The subjects were instructed to memorize both
the four objects and their respective spatial positions within the ma
trix. One second after the end of the study phase, the words "bitte
warten" (please wait) were presented for 3 sec in the center of the
screen. In order to minimize verbal rehearsal of the study materials,
the subjects performed an articulatory suppression task between the
study and the test phase-that is, they were instructed to repeat
aloud the word "Pfau" three times upon presentation of the words
"bitte warten," Similar articulatory suppression tasks have been
shown to prevent subjects from verbally recoding visual stimuli (cf.
Baddeley, 1986). Next, one of two task cues was presented, indi
cating that either an object or a spatial recognition memory task had
to be performed. The task cues were the three-letter strings OBJ and
POS for the object and spatial task, respectively. In the spatial task,
the subjects were required to indicate for each of the eight consec
utive recognition stimuli whether or not one of the positions from
the study list, irrespective of the object form, was presented. In the
object task, the subject indicated whether or not one ofthe study list
objects was presented, irrespective of its spatial position. In both
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Figure 1. Schematic illustration ofthe temporal sequence of stimulus presentation within an experimental trial. SI to
S4 indicate the four study stimuli, Tl to T8 the eight test stimuli.

tasks, the subjects pressed one button to respond old and another
button to respond new with either the left or the right hand, respec
tively. There were four old and four new stimuli within each test
phase. After each response, feedback was provided (correct, false,
or no response). In the object recognition task, two of the four old
(new) objects were presented at positions that also occurred in the
study phase; the other two old (new) objects were presented at un
studied positions. However, old objects were never presented at ex
actly the same spatial positions as they were during study. The same
constraints were applied in the spatial recognition task.

Task order within the 70 trials was randomized, and both tasks
were presented with the same probability (i.e., 50%). The study and
test items were presented with the restriction that spatial positions
in the left and right halfof the grid were equiprobable. The assign
ment of response hand to response button was counterbalanced
across subjects. The subjects were instructed to memorize both the
objects and their respective spatial locations during study and to
preserve a visual image ofthe objects and their locations. They were
also informed that, in 50% of the trials, they would have to recog
nize object locations, and, in the other 50% of the trials, they would
have to recognize object forms. They were told to respond as quickly
and as accurately as possible. Six practice trials were given to the
subjects at the beginning of the session. Including electrode appli
cation and removal, each session lasted about I 12 h.

ERP Recording
The EEG activity was recorded from 20 scalp electrode sites of

the 10-20 system, using tin electrodes mounted in an elastic cap
(Electrocap International). The ground electrode was positioned
10%of the nasion-inion distance anterior to Fz. The vertical electro
oculogram (EOG) was recorded from 2 electrodes located above
and below the right eye. The horizontal EOG was recorded from 2
electrodes positioned at the outer canthus of each eye. Electrode
impedance was kept below 5 kil. All of the 20 scalp electrodes
were referenced to the left mastoid. The EEG and EOG channels
were recorded continuously with a bandpass from DC to 70 Hz and
were AID converted with l6-bit resolution at a sampling rate of
250 Hz. In order to determine whether there were any effects of the
experimental variables on the mastoid recordings, the right mastoid
was actively recorded as I of the 20 channels. No such effects were
observed in any of the data; therefore, the right mastoid channel
was not included in the statistical analyses.

Data Analysis
Behavioral data. Reaction time was defined as the interval be

tween the appearance ofthe recognition items and the subject's key
press. All of the reaction time averages were composed of correct
responses only.

ERP data. ERPs time-locked to the onset of the cues and the test
items were computed for each subject at all recording sites, with
epochs extending from 0.2 sec before stimulus onset until 2 sec
thereafter. The ERPs evoked by the test stimuli were selectively av
eraged for old and new responses. In order to establish a correspon-

dence between performance measures and ERP measures, only
stimuli containing correct responses were entered in these subject
averages. The average voltage in the 0.2 sec preceding the items
was examined for systematic differences as a function of experi
mental condition. Because no systematic effects were found, this
epoch served as a baseline-that is, its mean value was subtracted
from each data point in the waveforms. Prior to averaging, each
epoch was scanned for EOG and other artifacts. Whenever the stan
dard deviation (SD) in a 0.2-sec time interval exceeded 50 pY, the
epoch was rejected.

ERPs to the task cues and to the test items were quantified as
mean amplitudes in three consecutive time intervals. In order to re
duce the risk of Type I errors that is inherent in the statistical analy
sis of multielectrode and multicomponent data (cf. Oken & Chi
appa, 1986), global multivariate analyses ofvariance (MANOVAs),
with response type (or task), electrode, and time interval as factors,
were performed for an overall test ofthe effects ofthe response type
or task factors. In case of significant main effects of the response
type or task factors or interactions involving these factors, repeated
measures analyses of variance (ANOVAs)were used to evaluate the
effects of these factors separately for the time intervals. All effects
with two or more degrees of freedom in the numerator were ad
justed for violations of sphericity, according to the formula of Geis
ser and Greenhouse (1959). If not specified otherwise, post hoc
comparisons were performed by means of a modified Bonferroni
procedure (Keppel, 1991).

Results

Behavioral Data
The top part ofTable I shows mean reaction times, pro

portions of correct old and new responses, and the cor
rected recognition scores (CR; i.e., hit rate minus false
alarm rate) for both memory tasks. As is apparent from
Table I, the pattern of corrected recognition scores is
consistent with that of the proportion of correct old and
new responses. For reasons of simplicity and consistency
with the ERP analyses, we only present the analyses for the
latter measures. I The subjects responded more quickly
and more accurately to object locations than to object
forms. Moreover, for both tasks, old responses were faster
than new responses and also slightly less accurate. Two
way repeated measures ANOVAs, with task (object vs.
spatial) and response type (old vs. new) as factors, re
vealed main effects of task [F(l,15) = 70.00,p < .001]
and response type [F(l,15) = 32.37,p < .001] for reac
tion times. For performance accuracy, a main effect oftask
[F(l,15) = 50.49,p < .001] and a marginally significant
effect of response type [F(l,15) = 4.12, P < .06] were
obtained.?
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Table 1
Performance Results (With Standard Errors) in the Object

and the Spatial Memory Tasks of Experiment 1 and Experiment 3

Task

Reaction Time (msec) % correct

Old SE New SE Old SE New SE CR SE

Experiment I

Object memory 781 36 823 35 76.8 2.1 78.3 2.6 55.1 4.1
Spatial memory 662 32 702 28 84.1 2.5 90.2 1.7 74.3 3.8

Experiment 3

Object memory 775 42 832 41 81.6 1.9 80.2 2.4 61.8 3.8
Spatial memory 789 47 836 48 83.3 2.9 84.4 2.1 67.7 4.6

Note-CR, corrected recognition, difference between hit rate and false alarm rate.

Event-Related Potentials
Anticipation phase. Figure 2 displays the ERP wave

forms evoked by the task cue indicating either the object
or the spatial memory task. The cues evoked pronounced
parietal maximal P300 components, peaking at about
500 msec.' Differences between the object and the spatial
tasks emerged at about 0.7 sec after stimulus onset and
extended until the end of the recording epoch. These dif
ferences took the form ofa frontally more negative slow
wave for the object task and a more pronounced negative
slow wave at the parietal and the occipital recordings for
the spatial task. Visual inspection ofFigure 2 further sug
gests that the between-task differences had an earlier
onset and a shorter duration at the frontal than at the
parietal-occipital electrodes and that they were larger at
the right than at the left posterior recordings. On the
basis ofthese observations, five successive time intervals
of250-msec duration in the 0.75- to 2-sec portion of the
waveforms were used for quantification ofthe ERP data.
The global MANOVA,with task (2 levels), electrode (19
levels), and time interval (5 levels) as factors, revealed a
main effect of time interval [F(4,60) = 6.15, P < .009]
and interactions of task and electrode [F(l8,nO) =
3.76,p < .004] and of task, time interval, and electrode
[F(72,1080) = 1.65,p < .001]. The resultsofthe ANOVAs
for each time interval are displayed in the top part ofTa
ble 2. For the time intervals 1-1.25, 1.25-1.5, and 1.75
2.0 sec, significant task X electrode interactions were
obtained, whereas this interaction was marginally signif
icant in the 0.75-1 and 1.5-1.75 sec time intervals.

In order to examine the time course and the scalp topog
raphy of these effects in more detail, ANOVAs,with task
as factor, were performed separately for frontal (F3, Fz,
and F4) and parietal-occipital electrodes (P3, Pz, P4, 01,
and 02). These analyses revealed significant effects of
task at the frontal electrodes in the time intervals from
.75 to 1.5 sec (ps < .05). At the posterior electrodes, the
waveforms were significantly more negative in the spa
tial than in the object task in the four time intervals from
1to 2 sec (ps < .03). This pattern of results confirms the
later onset and longer duration of the posterior negative
slow wave in the spatial task. Lateralization of the pos
terior slow wave pattern in the spatial task was assessed
by means of post hoc comparisons for pairs of lateral

electrodes-that is, P3-P4 and 01-02. However, no re
liable hemispherical differences in slow wave amplitude
were obtained (ps > .20).

Old/new effects for object forms and object loca
tions. The ERP waveforms evoked by old and new items
in the test phases of the spatial and the object recognition
tasks are presented in Figures 3 and 4. In both tasks, a
posterior negative component with a peak latency of
168 msec (Pz) and an anteriorly distributed positive com
ponent peaking at 230 msec (Fz) were obtained. These two
components will be referred to as N 100 and P200, re
spectively. The offset of the test stimuli at 1 sec in both
tasks elicited low-amplitude ERP deflections around
1.2 sec. Larger positivities for old than for new stimuli
were evident with a wide temporal and topographical dis
tribution. In both tasks, these old/new differences ranged
from 0.3 sec to the end of the recording epoch. On the basis
of this observation, old/new effects were examined sepa
rately in three consecutive time intervals: 0.3-0.6,0.7-1.1,
and 1.2-1.8 sec. These intervals will be referred to as early,
middle, and late time intervals.

In the early time interval, P300 components with a
central-parietal maximum scalp distribution were evoked
in both tasks that were slightly delayed in amplitude for
the two new conditions, as compared with the old condi
tions. In this time interval, amplitude differences between
old and new trials were most pronounced at the anterior
electrodes in the object task and at the parietal-occipital
electrodes in the spatial task. This topographical disso
ciation of the old/new differences was also evident in the
later time regions and extended to the end of the record
ing epoch. However, an exception to this anterior/poste
rior dissociation was obtained in the 0.7-1.1 sec time in
terval. In this period, a substantial old/new effect emerged
for the spatial memory task at the right frontal (i.e., F4)
and central (i.e., C4) electrodes. Moreover, right lateral
ization of the old/new differences (i.e., larger differences
at the right- than at the corresponding left-hemisphere
electrodes) in the later time intervals was apparent at those
electrodes where they were largest-for example, at the
frontal electrodes in the object task and at the parietal
electrodes in the spatial task.

These observations were confirmed by a series of sta
tistical analyses.' The results of the two-way ANOVAs
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Figure 2. ERP waveforms, averaged across subjects, elicited by the task cues indicating the object or the spatial recognition mem
ory task of Experiment 1. Note that, for reasons of perspicuity, only IS ofthe 19 electrodes entered in statistical analyses are displayed
in this and the following figures. The vertical lines indicate the onset of the cues that were presented with a duration of 1,000 msec,
The layout of the figure roughly corresponds to the layout of the electrodes on the head, with the top of the figure corresponding to
the top of the head. The vertical electro-oculogram (EOGV) is plotted in the upper right corner of the figure.

performed separately for each time interval in both tasks
are displayed in the top part of Table 3. For both tasks,
significant main effects of response type and interac
tions ofresponse type and electrode were obtained in all
three time intervals.

In order to further examine the latter interactions,
ANOVAs with response type as factor were conducted
for electrodes over the mid-frontal (F3, Fz, and F4) and
parietal-occipital regions (P3, Pz, P4, 0 I, and 02) in both
tasks. These analyses revealed highly significant old/new

effects in the three time intervals for the object task at the
frontal recordings (ps < .001). Over the parietal-occipi
tal region, these effects did not reach the significance
level (ps > .08). A different pattern of results was ob
tained for the spatial task: Highly reliable old/new ef
fects were observed over the parietal-occipital region
(ps < .002). At the frontal regions, no reliable old/new
effects in the early and the late intervals were found (ps >
.10). However, in the middle time interval at the frontal
recordings, the ERPs elicited by old spatial locations were

Table 2
ANOVAResults (in Seconds) for the Time Intervals

in the Anticipation Phases in Experiment 1 and Experiment 3

F

Source df 0.75-1 1-1.25 1.25-1.5 1.5-1.75 1.75-2.0

Experiment 1
Task 1,15 0.29 0.00 0.16 0.28
Electrode 18,270 2.96t 3.14t 2.12* 2.09*
Task x electrode 18,270 2.07* 4.68t 5.53t 2.19*

Experiment 3
Task 1,17 2.00 4.47t 3.13* 3.26*
Electrode 18,306 2.69t 5.25t 3.82t 2.73t
Task x electrode 18,306 1.21 1.53 2.55t 2.56t

*p< .10. tp < .05. tp < .01.

1.01
2.6°t
2.91t

3.41*
3.70t
1.92*
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Figure 3. ERP waveforms, averaged across subjects, elicited by old and new responses in the test phase of the object recognition mem
ory task of Experiment 1.

more positive than those evoked by new spatial locations
(p < .02). This differential pattern ofresults is further il
lustrated in Figure 5, displaying the estimated effect
strength (w 2; cf. Keppel, 1991; see also Richardson, 1996)
in the three time intervals.>

Lateralization of the old/new differences was exam
ined by means of pairwise comparisons among pairs of
lateral electrodes. The following picture emerged: In the
early time interval, significantly larger right-hemisphere
effects were found for the spatial task at the posterior tem
poral electrodes (i.e., T5 vs. T6; p < .005), and margin
ally significant effects were found at the parietal electrodes
(i.e., P3 vs. P4; p < .055). In the middle time interval,
right lateralization in the spatial task was evident at the
parietal and the frontal electrodes (ps < .02). At the
frontal electrodes, this right lateralization extended to
the late time interval (p < .002). For the object task, right
lateralization of the old/new differences was only ob
tained at the frontal electrodes (F3 and F4) in the middle
and late time intervals (ps < .01). Further analyses, per
formed separately for the waveforms evoked by old and
new responses, indicated that, in the late time interval,
the waveforms evoked by old objects were more positive
at the right than at the left frontal recordings (p < .01),
whereas, for the waveforms evoked by new responses, no
hemispherical differences were obtained (p > .17).

Topographical analyses. The topographical differ
ences of the old/new effects in the object and the spatial
memory tasks might suggest that the effects arise from
different combinations ofneuronal sources. In fact, two
way ANOVAs, with task and electrode as factors, per
formed for the difference between old and new responses
were significant in the early [F(l8,270) = 3.99,p < .02],
middle [F(18,270) = 7.86, p < .001], and late time in
tervals [F(18,270) = 7.87,p < .0001]. To ensure that the
topographic comparison between the old/new effects in
both tasks is not confounded with between-task differ
ences in absolute amplitude (see Johnson, 1993), the data
were normalized so that the RMS amplitudes of the
old/new differences (averaged across subjects) were the
same for the two tasks (McCarthy & Wood, 1985). Reli
able interactions oftask and electrode were found for the
normalized old/new differences in all three time inter
vals (ps < .02), suggesting that different neuronal gen
erators contributed to the old/new differences in the ob
ject and the spatial memory tasks.v

Separate analyses for old and new responses. In
light of the task-specific topographic distribution of the
old/new effects, between-task comparisons were also
performed separately for the old and new waveforms in
the early time interval. Ifthe task-specific topographies of
the old/new effects arise from modulations of the wave-
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Figure 4. ERP waveforms, averaged across subjects, elicited by old and new responses in the test phase of the spatial recognition
memory task ofExperiment 1.

forms evoked by old responses, this should be reflected
by a significant task X electrode interaction solely for this
response type. In contrast, if the differential topographic
distributions of the old/new effects reflect task-specific
modulations ofboth the old and new responses, this should
be evidenced by task X electrode interactions for both re
sponse types. To address this issue, ANOVAs, with task
and electrode as factors, were conducted for the mean am
plitude measures at the three midline electrodes in the
early time interval of the waveforms.

As is apparent from Table 4, which shows the mean
amplitude measures for both response types, there was a
task X electrode interaction for the waveforms evoked
by old responses [F(2,30) = 4.36, P < .03]. This inter
action indicates that old responses to locations evoked
more positive-going waveforms at the central and parietal
recordings but not at the frontal recording. For the wave
forms evoked by new responses, there was a task X elec
trode interaction as well [F(2,30) = 4.74, P < .02], re
flecting the fact that, for new responses, the amplitude
measures were smaller (i.e., more negative) for objects at
the frontal and central recordings but to a much lesser
extent at the parietal recording. These results indicate that
the old/new effects in the early time interval reflect task-

specific modulations ofthe old and new waveforms rather
than only modulations of the old waveforms.

Discussion
In Experiment 1, performance measures and ERP ac

tivity during object-based and location-based recogni
tionjudgments were examined. The faster reaction times
and lower error rates obtained for the spatial recognition
task suggest that object locations could be more readily
accessed and retrieved from working memory than could
object forms. The observation of longer reaction times
and slightly higher error rates for new than for old re
sponses is consistent with the results ofother studies ex
amining recognition judgments with study-test proce
dures in which a list of studied items had to be held in
memory (cf. Eriksen, Eriksen, & Hoffman, 1986; Kramer
& Strayer, 1988) and suggests more extensive memory
search operations for new than for old items, with this
differential effect being highly similar for the two recog
nition tasks.

In the anticipation phases, reliable topographic and
temporal ERP differences were found as a function of
whether object-based or location-based recognitionjudg
ments were anticipated. This dissociation took the form



1076 MECKLINGER AND MEINSHAUSEN

Experiment I

Source df 0.3-0.6 0.7-1.1 1.2-1.8

Table 3
ANOVA Results (in Seconds) for the Three Time Intervals

in the Recognition Phases ofthe Spatial and
Object Recognition Tasks in Experiment 1 and Experiment 3

F

Object memory
Response type 1,15 13.62t 6.89t 6.99t
Electrode 18,270 4.54t 3.01t 2.77t
Response type X electrode 18,270 2.51t 4.45t 4.36t

Spatial memory
Response type 1,15 19.18t 12.50; 4.62t
Electrode 18,270 6.68t 3.62t 2.55t
Response type X electrode 18,270 3.58t 4.36t 3.70t

Experiment 3

occipital ERP differences in the anticipation phase ofthe
present experiment as a relative increase ofnegative slow
waves associated with spatial rehearsal operations.

Differences in scalp distribution were also obtained
for the old/new effects in both recognition tasks. In the
object task, old/new differences were most pronounced
at frontal electrodes and virtually absent at the parietal
occipital recording sites in all three time intervals. In the
later two time intervals, the effects were lateralized to the
right frontal recordings. In contrast, in the spatial mem
ory task, old/new effects were evident at parietal and oc
cipital electrodes in all three time intervals. These data
suggest that retrieving object forms and retrieving object
locations are associated with different brain systems.

Besides this anterior/posterior dissociation in the mag
nitude of the old/new effects that was already evident in
the 0.3-0.6 sec time interval, starting at 0.7 sec for both
tasks, pronounced old/new effects emerged at the right
frontal recordings. Although no other signs of latera liza
tion were obtained in the object task, a right-hemisphere
dominance of spatial old/new effects was also found at the
posterior temporal recordings, extending throughout the
three time intervals. In view ofthe timing and scalp topog
raphy ofthese late old/new effects, it is reasonable to as
sume that they reflect processes that operate on the prod
ucts of the retrieval process and that these processes are
mediated by right-hemisphere brain areas.

Prior to discussing these results with respect to differ
ential operations engaged in the retrieval ofobject forms
and object locations, alternative interpretations have to
be considered. First, on the basis of error rates, which
amounted to 22% in the object task, it could be argued that
the tasks exceeded working memory capacity and, thus,
are not appropriate for the examination of retrieval from
working memory. To address this issue, we contrasted
the ERP data for two groups of4 subjects each that showed
the highest and lowest corrected recognition performance
in the object task. For this analysis, the old/new effects
were measured in the early time interval at the mid-frontal
(Fz) and the mid-parietal electrode (Pz). For the 4 sub
jects with the highest performance (mean CR, 0.71), the
magnitude of the old/new effects in the object task was
larger at Fz (2.12 f.1.V) than at Pz (1.22 f.1.V). For the sub
jects with the lowest performance (mean CR, 0.38), a
highly similar topographic distribution was obtained (Fz,
1.46 f.1.V; Pz, 0.44 f.1.V). For the spatial task, the old/new
differences for the high-recognition group were smaller
at Fz (0.42 f.1.V) than at Pz (1.52 f.1.V). The same was true
for the low-recognition group (Fz, 0.10 f.1.V; Pz, 0.88 f.1.V).
This highly similar task-specific topographic distribu
tion of the old/new effects for both groups suggests that
the old/new effects are not confounded with high propor
tions of errors and, thus, can be considered appropriate
measures ofinformation retrieval from working memory.

A second concern might be that, although we attempted
to minimize verbal rehearsal strategies by interpolating
a verbal interference task (i.e., articulatory suppression)
between the study and the test phases, it is still conceiv-

4.54t
3.85t
2.97t

2.78"
6.39t
4.02t

11.13t
5.ln
2.29t

1,17
18,306
18,306

Object memory
Response type
Electrode
Response type X electrode

Spatial memory
Response type 1,17 5.39t 1.08 2.28
Electrode 18,306 2.86t 5.58t 3.03t
Response type X electrode 18,306 1.91" 0.89 1.37

Note-The early time interval in the modified spatial memory task in
Experiment 3 was 0.3 to 0.45 sec. "p < .10. tp < .05. "p < .01.

of more pronounced negative slow wave activity at the
frontal electrode sites for the object task cue and more
pronounced negative slow wave activity at the parietal
occipital electrodes for the spatial task cues. It must be
noted, however, that, from the present data, it cannot un
ambiguously be decided whether the differences in slow
wave activity at the frontal and parietal-occipital record
ings reflect more negative-going activity in either task
or, equally likely, more positive-going activity in the other
task. For example, the pronounced between-task differ
ences at the parietal-occipital recording could also result
from more pronounced positive-going ERP activity at
these recordings in the object task. However, there are
topographical, temporal, and functional similarities ofthe
present slow wave pattern with those observed in other
studies that shed some light on this ambiguity. For exam
ple, in a study by Heil, Rosler, and Hennighausen (1996),
subjects were required to learn associations between line
drawings and two-dimensional spatial configurations.
Negative slow wave activity at parietal electrodes was in
creased in a period in which subjects anticipated the rep
etition of to-be-associated spatial information. Similar
parietal focused negative slow waves have been reported
in tasks requiring the maintenance of spatial materials in
working memory (Mecklinger & Pfeifer, 1996; Ruchkin
et aI., 1992). In these latter studies, negative slow waves
increased with the amount of spatial information held in
working memory at around 0.8 sec after stimulus onset.
These result suggests that parietal negative slow wave
activity is functionally correlated with the reactivation
or rehearsal of spatial information in working memory,
and, given this, we are tempted to interpret the parietal-
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Figure 5. Strength of effect (w 2 ) ofthe response type manipulations in both recognition tasks at the frontal (F3, Fz, and F4) and pari-
etal-occipital (P3, Pz, P4, 01, and 02) electrodes in Experiment 1 (A) and Experiment 3 (B). Note that, in Experiment 3, the early time
interval in the spatial task was set to 0.3-0.45 sec.

Table 4
Mean Amplitude Measures (in}lV; With Standard Errors)
At the Three Midline Electrodes in the Early Time Interval
for the Old and New Responses in Both Recognition Tasks

of Experiment 1

study and the test phases of the object and the spatial rec
ognition tasks, and their disruptive effects on both types
of recognition judgments were examined. We assumed
that, if verbal labels were used to rehearse object forms
and visual rather than verbal representations were used to
rehearse object locations, recognition performance for
both types of information should be differentially dis
rupted by a verbal and a visual interference task. In con
trast, ifboth types of information are rehearsed in visual
formats, performance in both tasks should be similarly
disrupted by a visual interference task.

able that the object forms brought to mind their verbal de
scriptions and were rehearsed in verbal formats during
the interference task. On the other hand, the object loca
tions, being more difficult to be verbally recoded, might
have been rehearsed in visual formats. The notion that ob
ject forms but not object locations were rehearsed in ver
bal formats might explain the differential performance
results: Object names could be more vulnerable to the
articulatory suppression task, leading to a differential dis
ruption ofobject recognition performance. However, and
even more important, on the basis of the latter view, it is
also conceivable that the between-task differences in scalp
topography of the old/new effects reflect differences be
tween retrieving verbal and nonverbal information from
memory, rather than differences in retrieving object forms
and object locations.

EXPERIMENT 2

In Experiment 2, the question of whether object forms
were more likely than object locations to be recoded into
verbal forms was examined. To address this issue, dif
ferent interference tasks were interpolated between the

Response
Type

Old

New

Electrode site

Task Fz SE Cz SE pz SE
Object memory 2.97 0.68 5.04 0.70 6.19 0.77
Spatial memory 3.16 0.73 6.33 0.86 7.56 0.80
Object memory 1.37 0.77 3.30 0.83 5.48 0.81
Spatial memory 2.44 0.83 5.21 0.89 6.06 0.89
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Method
Subjects

Sixteen volunteers (10 male) between 21 and 29 years of age
(mean, 25 years) participated in this study. All the subjects were
students. They had corrected- or corrected-to-normal vision, were
right-handed, and were paid 12 DMlh. None of them had partici
pated in Experiment 1.

Stimuli and Procedure
The stimuli used in the study and the test phase were the same as

those in Experiment 1. The procedure was the same as that in Ex
periment 1, with the exception that three different interference tasks
were interpolated between the study and the test phases. The verbal
interference task was identical to the articulatory suppression task
employed in Experiment I. In the noninterference task, the subjects
were required to fixate a cross presented in the middle of the com
puter screen. In the visual interference task, 2 two-dimensional pat
terns consisting of four unconnected squares (sidelines, 1 em) were
presented successively. After the presentation ofthe second pattern,
the subjects had to indicate whether they were identical by saying
"yes" or "no." The patterns were presented for 0.75 sec each, with
an interstimulus interval (lSI) of 2.25 sec. "Yes" and "no" answers
were equiprobable. In order to enable adequate temporal character
istics for presentation times and response times in the visual inter
ference task, the interference tasks' durations were increased from
3 sec in Experiment 1 to 5.5 sec in Experiment 2.

The experiment consisted of 90 study-test trials. Task order, as
well as order of interference task, was randomized within the 90
study-test trials, and each ofthe six combinations ofrecognition task
x interference task was presented 15 times. Thus, there were 60 old
and new responses for each of the six task combinations. The sub
jects performed 12 practice study-test trials (2 for each task com
bination) at the beginning ofthe session.

Data Analysis
Performance was examined by means of corrected recognition

scores (i.e., hit rate - false alarm rate) for each of the six task
combinations.

Results

All the subjects were highly accurate (i.e., less than
3% errors) in the visual interference task. Table 5 pre
sents the proportion ofcorrect old and new responses and
the corrected recognition scores forboth tasks separately
for each ofthe three interference tasks. Comparable with
Experiment I, the subjects made more errors for object-

based than for spatial-based recognition judgments. When
the verbal interference task was performed between the
study and the test phases, the corrected recognition scores
decreased relative to the noninterference task by 2.8% and
3% in the object and the spatial recognition tasks, respec
tively. For the conditions including the visual interference
task, the corresponding performance decrements relative
to the noninterference task were 5.8% (object recogni
tion) and 5.7% (spatial recognition). An ANOVA, with
recognition task and interference task as factors, per
formed for the corrected recognition scores revealed main
effects of recognition task [F(1,15) = 21.82, P < .004]
and interference task [F(2,30) = 8.64, P < .004] but no
interaction among the two factors (F < I). Differences
among the noninterference and each of the other two in
terference tasks were assessed by means of confidence
intervals calculated for the corrected recognition scores
in the two contrasted conditions (Loftus & Masson, 1994).
These analyses revealed that object task performance
was lower in the visual interference condition than in the
noninterference conditions, whereas performance in the
verbal interference and the noninterference conditions
was not significantly different. In the spatial recognition
task, performance was lower in the visual and the verbal
interference tasks than in the noninterference task. How
ever, this performance decrement was more pronounced
in the visual interference task.

Discussion
In Experiment 2, the disruptive effects ofa visual and

a verbal interference task, relative to a noninterference
task, on recognition judgments for object forms and ob
ject locations were examined. The results indicate that
recognition performance for both object forms and ob
ject locations was disrupted to a larger extent by a visual
interference task than by a verbal interference task. The
absence of differential interference effects (i.e., larger
interference effects in the verbal interference condition
on object form judgments and larger interference effects
in the visual interference condition on object location
judgments) provides strong evidence against the view

Table 5
Recognition Performance (With Standard Errors) for Both Tasks

in Each of the Three Interference Conditions of Experiment 2

% Correct

Task Old SE New SE CR SE Cia Ch
Object memory

Noninterference 88.7 2.0 89.2 1.8 77.9 3.5 2.0 1.4
Verbal interference 86.8 2.3 88.3 2.1 75.1 3.3 2.0
Visual interference 84.6 2.2 87.5 2.0 72.1 3.8 1.4

Spatial memory
Noninterference 94.1 2.1 95.8 1.4 89.9 3.5 0.8 0.3
Verbal interference 92.6 2.3 94.4 1.8 86.9 3.9 0.8
Visual interference 91.4 1.5 92.8 1.7 84.2 3.1 0.3

Notev-Ck, corrected recognition; CI, confidence intervals plotted for the contrasts of
interest-that is, CIa.noninterference vs. verbal interference; CIb • noninterference vs.
visual interference.
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that verbal labels were used to rehearse object forms but
not object locations. The results rather support the view
that visual rehearsal mechanisms were used to maintain
object forms and object locations in working memory in
the interval between the study and the test phases. In light
of these results, it can be concluded that differences in
performance and ERP measures found in Experiment 1 do
not reflect the differential involvement ofverbal memory
representations for the rehearsal of object forms.

Even though, in light of Experiment 2, selective ver
bal rehearsal ofobject forms appears to be unlikely, it is
still conceivable that the two tasks differ along other di
mensions than the type of information to be retrieved
for instance, the difficulty of the recognition judgments.
In light of the differential performance results of Exper
iment 1, the task-specific ERP old/new effects could thus
be related to differences in the accessibility of memory
stored information, with more readily accessible informa
tion being correlated with posteriorly distributed old/
new effects and more difficult-to-access information being
associated with more anteriorly distributed old/new ef
fects. This issue was addressed in Experiment 3.

EXPERIMENT 3

In order to show that ERP old/new effects reflect dif
ferences in the retrieval of object forms and object loca
tion per se, rather than differences between easy and dif
ficult recognition judgments, Experiment 3 employed a
modified spatial recognition task in which object loca
tions were more difficult to recognize. In this modified
spatial task, the subjects were required to make recogni
tionjudgments with respect to mirror images of the spa
tiallocations presented during study. Weassumed that, if
the topographical dissociations in the ERP old/new ef
fects reflect the activation ofdifferent brain systems me
diating the retrieval ofobject forms and object locations,
these effects should also be present under conditions in
which object locations are not easier to recognize than
object forms.

Method
Subjects

Eighteen volunteers (9 male) with a mean age of25 years (range,
19-34 years) participated in the experiment. All the subjects were
students, had correct or corrected-to-normal vision, were right
handed, and were paid 12 DM/h for their participation. Four of the
subjects also participated in Experiment I.

Stimuli
The stimuli (i.e., objects presented at spatial locations within a

4 X 3 spatial matrix) were the same as those in Experiment 1.

Procedure
The procedure was the same as that in Experiment I, with the

following exceptions. The subjects were again instructed to mem
orize both the object forms and their respective spatial locations in
the study phase. After the articulatory suppression task, one of two
3-1ettertask cues (SPI vs. OBJ) was presented that indicated that ei
ther a spatial or an object recognition memory task had to be per-

formed. The object recognition task was the same as that in Exper
iment L whereas, in the spatial recognition task, the subjects were
required to indicate whether the position of a test stimulus was a
mirrored position with respect to those positions presented in the
study phase. The mirror axis was defined as the vertical midline of
the 4 X 3 grid. Each test phase included four new locations and four
mirrored stimulus locations.

ERP Recording and Data Analysis
The procedures for EEG recording and data analyses were the

same as those in Experiment I.

Results

Behavioral Data
The bottom part ofTable 1 shows the performance re

sults for the object and the spatial memory tasks. Re
sponse times and accuracy were highly similar in the two
tasks. Moreover, for both tasks, old responses were faster
than new responses, and both responses were given with
the same accuracy.Two-way repeated measures ANOVAs,
with task and response type as factors, did not reveal ef
fects of task, either for reaction times [F(l, 17) = 0.13,
p < .72] or for accuracy [F(I,17) = 2.64,p < .12]. A main
effect of response type was found for reaction times
[F(l,17) = 19.25, p < .001] but not for accuracy
[F(l,17) = O.OI,p < .93]. No interactions of task and re
sponse type were found for reaction times or accuracy."

Event-Related Potentials
Anticipation phase. Figure 6 shows that the task cues

indicating the object or the spatial memory task, similar
to Experiment 1, evoked rather different patterns ofERP
activity. The object task cue evoked larger P300 activity
than did the spatial task cue. This observation was con
firmed by a significant main effects of task [F(l, 17) =
11.78, P < .003] in an ANOVA, with task (2 levels) and
electrode (19 levels) as factors, performed for mean am
plitude measures in the P300 time interval (i.e., 0.4
0.6 sec). Following the P300, for the spatial task cue,
more pronounced negative slow wave activity was ob
served, starting around 0.7 sec, with largest between
task differences emerging at the parietal and occipital
recording sites. In contrast to Experiment 1, this pattern
was also present, although less pronounced, at the central
recording sites. Moreover,no between-task slow wave dif
ferences were obtained at the frontal recording sites. These
observations translated into the following statistical re
sults: The MANOVA, with task, electrode, and time inter
val (5 levels) as factors, revealed marginally significant
main effects of task [F(l,17) = 4.3,p < .053] and time
interval [F(4,68) = 3.39, p < .056] and interactions of
task and electrode [F(l8,306) = 2.03, P < .05] and of
task, electrode, and time interval [F(72,1224) = 1.47,
P < .007]. The results of the ANOVAs performed sepa
rately for each of the five time intervals are displayed in
the bottom part of Table 2.

There were main effects of task in the I~1.25 sec in
terval and marginally significant effects in the three in
tervals from 1.25 to 2 sec. The task and electrode factors
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Figure 6. ERP waveforms, averaged across subjects, elicited by the task cues indicating the object or the modified spatial recog

nition memory task of Experiment 3.

interacted in the two intervals from 1.25 to 1.75 sec and
were marginally significant from 1.75 to 2 sec. When sep
arate ANOVAs, with task as the factor, were performed
for frontal (F3, Fz, and F4) and parietal-occipital elec
trodes (P3, Pz, P4, 01, and 02), slow wave activity was
found to be more negative at the parietal-occipital elec
trodes in the spatial task in the time range from 1 to 2 sec
(ps < . 01), whereas no task effects were found for the
frontal electrodes.

Old/new effects for object forms and object loca
tions. The ERP waveform evoked by old and new re
sponses in both tasks are displayed in Figures 7 and 8. In
showing anteriorly focused old/new effects during ob
ject recognition, starting at about 0.3 sec and extending
throughout the recording epoch, the results for this task,
as expected, replicate those found for the identical task
in Experiment 1. In the spatial task, the early old/new ef
fects were smaller than in the object task and restricted to
a smaller time range. On the basis of this latter observa
tion, a smaller time window (i.e., 0.3-0.45 msec) was
used for the quantification ofthe spatial old/new effects.
Similar to Experiment 1, in this early time interval, the
largest old/new effects were obtained at the parietal re
cordings. Moreover, in the late 1.2-1.8 sec time interval,
old/new differences emerged at the frontal recordings,
being slightly larger at the right than at the left recording

site (i.e., F4 vs. F3). These observations were again con
firmed by statistical analyses.f The results ofthe two-way
ANOVAs for each time interval are displayed in the bot
tom part of Table 3. Similar to Experiment 1, in the ob
ject task, there were significant effects of response type
and interactions of response type and electrode in the
early and late time intervals, whereas, in the middle time
interval, only the interaction of response type and elec
trode reached the significance level. In the spatial task, an
effect of response type and a marginally significant re
sponse type X electrode interaction were found only in
the first time interval.

To further examine the response type X electrode inter
actions, separate ANOVAs for frontal and parietal
occipital electrodes were performed for both tasks. For
the object task, the old/new effects were significant in the
three time intervals at the frontal recordings (ps < .05),
whereas, similar to Experiment 1, these effects did not
reach the significance levelat the parietal-occipital record
ings in the middle and the late time intervals (ps > .15).
An exception to this pattern of results was a significant
old/new effect in the 0.3-0.6 sec interval at the posterior
recordings for the object task (p < .02); however, as is ap
parent from Figure 5b, which presents the estimated ef
fect strengths (w 2 ) for all time intervals, the strength of
this latter effect is smaller (w 2 = .15) than the frontal
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Figure 7. ERP waveforms, averaged across subjects, elicited by old and new responses in the test phase ofthe object recognition
memory task of Experiment 3.

old/new effect in this time interval (omega- = .22). For the
spatial task, old/new effects were statistically reliable
only at the parietal-occipital electrodes in the early (i.e.,
0.3-.45 sec) time interval (p < .03) and at the frontal
electrodes in the 1.2-1.8 sec time interval (p < .05).

Lateralization of the old/new differences was again
examined by means of pairwise comparisons of lateral
electrodes. For the object task, old/new effects were larger
at the right frontal (i.e., F4) than at the left frontal record
ing (i.e., F3) in the middle and the late time intervals
(ps < .05). Similar to Experiment 1, in the late time in
terval, these effects reflect the fact that the waveforms
evoked by old objects were more positive at the right
than at the left frontal recording (p < .01), whereas, for
new objects, no hemispherical differences were obtained
in this time interval (p > .15). For the spatial task, pair
wise comparisons of old/new differences did not reveal
reliable hemispherical effects. However, post hoc analy
ses indicate that, in the late time interval, old/new effects
were reliable at the right frontal recording (p < .03), but
not at the corresponding left frontal electrode (p > .20).

Topographical analyses. In parallel to Experiment 1,
topographical profile analyses were performed to exam
ine the extent to which the scalp-recorded old/new differ
ences in both tasks were mediated by different combina
tions of neuronal structures. In light of the smaller time
range of the spatial old/new effects, this analysis con-

trasted the early old/new effects in the 0.3-0.45 sec time
interval (spatial task) and in the 0.3-0.6 sec interval (ob
ject task). The ANOVA, with task and electrode as fac
tors, performed for the early old/new differences revealed
reliable task X electrode interactions for the raw data
[F(18,306) = 1.94, P < .05], and the normalized data
[F(18,306) = 1.84,p < .05], suggesting that the old/new
effects ofboth tasks in this time interval indeed arise from
different neuronal structures. However, for the other two
time intervals, no reliable interactions between the task
and electrode factors were obtained for the raw and nor
malized data, allowing no inferences about the neuronal
generators of these effects in these time intervals."

Discussion
In this experiment, the retrieval of object forms and

object locations from working memory under conditions
yielding comparable performance in both tasks was ex
amined. The analysis of performance measures shows
that there were no significant between-task differences in
reaction times and accuracy when recognition judgments
were based on mirror locations of the spatial positions
presented in the study phase. For the ERP data, similar
ities with and differences from Experiment 1 were ob
tained. Similar to Experiment 1, the task cues indicating
the object or spatial recognition tasks evoked more pro
nounced negative slow wave activity for the spatial than
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Figure 8. ERP waveforms, averaged across subjects, elicited by old and new responses in the test phase of the modified spatial
recognition memory task of Experiment 3.

for the object task at the parietal-occipital electrodes,
starting around 1 sec after cue onset. This between-task
difference in slow wave activity was larger and more
widely distributed over the scalp than the corresponding
difference in Experiment 1, so that between-task differ
ences also emerged at the central recordings. Moreover,
contrary to Experiment 1, at the frontal recording sites,
no task-related slow wave effects were found. An expla
nation for this differential pattern ofresults could be that
the increased spatial-processing demands in Experiment 3,
imposed by the additional spatial transformation and the
rehearsal of the transformed locations, was associated
with larger and more widely distributed negative slow
wave activity (extending to frontal electrodes), as com
pared with Experiment 1, that wiped out any frontally lo
cated task differences. Support for this view can be de
rived from a comparison of P300 amplitudes evoked by
the task cues in both experiments. Whereas in Experi
ment 1, smaller spatial task P300s tended to emerge only
at those parietal electrodes at which subsequent negative
slow waves were most pronounced (i.e., Pz and P4), in
Experiment 3, the P300s to the spatial task cues were
smaller than those to the object task cues at all electrode
sites. Thus, it is conceivable that these widespread reduc
tions of the spatial task cue P300 result from component
overlap with the more pronounced and widely distributed
negative slow waves. This latter phenomenon also might

have led to an elimination ofthe frontally focused between
task difference in slow wave amplitude.

For the ERPs evoked by the test stimuli, topographical
between-task differences of the old/new effects were ob
tained that resemble those found in Experiment 1. The
results in the object task replicated those found in the
identical object task ofExperiment 1. For the spatial task,
the old/new effects, although smaller in magnitude, were
highly similar in scalp distribution to those observed in
the spatial task in Experiment I-that is, they were focused
to the parietal electrodes in the early time interval and to
the right frontal recording site in the late time interval.
However, the early old/new effects were restricted to a
smaller time window and were of considerably smaller
magnitude at the parietal-occipital electrodes (w 2 = .17)
than the corresponding effects in Experiment 1 (w 2 =
.63). This latter result might reflect the fact that less in
formation is retrieved from the study phase for spatially
transformed locations, as compared with the exact repli
cations of the study-phase locations in Experiment 1.
Prior to the general discussion of the results, the differ
ential ERP patterns obtained in Experiments 1 and 3
merit some consideration.

The only difference between the two spatial tasks was
the requirement to compare mirror transformations of
the studied object locations (Experiment 3) rather than
the object locations themselves (Experiment 1). In prin-
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Figure 9. ERP waveforms, averaged across subjects, in the early (lett panel) and the
late (right panel) transformation group, elicited by old and new responses in the test
phase of the modified spatial recognition memory task of Experiment 3.

ciple, two strategies are conceivable for performing the
spatial task in Experiment 3: Either the subjects could
make the spatial transformations early-that is, in the in
terval after presentation of the task cue-or they could
delay this transformation and transform the object loca
tions upon presentation of the test items.

In order to examine the extent to which subjects used
either strategy, and in light of previous studies that indi
cate that parietally focused negative slow waves are as
sociated with spatial working memory processes, we as
sumed that early spatial transformations (i.e., those in the
anticipation interval) should be reflected by large pari
etal negative slow waves to the spatial task cue. For sub
jects showing this pattern, we assumed that there should
be no additional processing load in the test phases caused
by the necessity to make spatial transformations. Conse
quently,we predicted that the old/new effects ofthese sub
jects should resemble those obtained in Experiment 1.

To test this prediction, a median split of the subject
group was performed. The 9 subjects showing large neg
ative slow waves to the spatial task cue, relative to the
object task cue, at the parietal electrodes (P3, Pz, and P4)
in the time intervals in which these differences were largest
(i.e., 1-2 sec; cf. Figure 6) were contrasted with those
subjects showing small slow wave differences in this time
interval. By operational definition, these two groups will
be labeled early and late transformation groups, respec
tively. Notably, both groups of subjects showed highly
similar recognition performance in both tasks, so that re
action times and error rates were not significantly differ
ent between the object and the spatial task, either for the
early or for the late transformation group (Fs < 1).

The old/new effects in the spatial task ofExperiment 3
for both groups of subjects are presented in Figure 9. The
early transformation group showed large old/new effects
in the time range from 0.3 to 1 sec, whereas, for the late
transformation group, the corresponding effects were ab
sent or even negative in polarity. 10 As is apparent from

Figure 10, which presents the estimated effect strength
of the old/new effects for the early transformation group,
the magnitudes of the old/new effects in the spatial task
are highly similar to those obtained in Experiment 1 (cf.
Figure 5), especially in the first and second time interval.
In parallel to Experiment 1, we also examined the rela
tive contribution ofboth response types to the task-specific
scalp topography ofthe early old/new effects in the early
transformation group. As is apparent from Table 6 and
from statistical analyses, there was a significant task X
electrode interaction for new responses [F(2,16) = 5.07,
p < .01], which reflects the fact that new objects evoked
smaller (i.e., more negative) ERP responses at the frontal
and central electrodes but not at the parietal electrode.
Although, for old responses, the mean amplitude measures
appear to be larger in the spatial task, the task X elec
trode interaction did not reach the significance level
[F(2,16) = 1.48,p < .25].

Taken together, this post hoc analysis provides support
for the view that the smaller magnitudes of the spatial
old/new effects in Experiment 3 to some extent result
from differential performance strategies employed for
location-based recognition judgments in Experiment 3.
When data analyses were restricted to those subjects show
ing large parietal slow wave differences in the anticipa
tion phase, who presumably make the mirror transfor
mation in this phase of the task, both the magnitude and
the topographic distribution of the old/new effects were
highly similar to those obtained in Experiment 1. No
tably, this group of subjects also shows highly similar
patterns of performance in both recognition tasks.

GENERAL DISCUSSION

The results of the present experiments provide several
lines of evidence for the view that object forms and ob
ject locations are separately rehearsed in and retrieved
from working memory. In Experiment 1, better perfor-
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Electrode Site

Fz SE Cz SE pz SETask

Object memory
Spatial memory
Object memory
Spatial memory

New

Old

Response
Type

Table 6
Mean Amplitude Measures (in IlV; With Standard Errors)
at the Three Midline Electrodes in the Early Time Interval

for the Old and New Responses of the
Early Transformation Group of Experiment 3

in the early time interval, the old/new differences in the
spatial task were posteriorly focused, and those in the ob
ject task were most pronounced at the frontal recordings;
in the late time interval, these effects yielded a right frontal
maximum in both recognition tasks. However, as com
pared with Experiment 1, the early old/new effects in the
spatial task were restricted to a smaller time window and
were ofsmaller magnitude. In light ofthese latter results,
a post hoc analysis was performed in which two groups
of subjects were contrasted. For those subjects presumed
to make the required mirror transformation in the antic
ipation phase and for which, consequently, less additional
spatial processing in the test phases can be assumed, the
magnitude of the spatial old/new effects was highly sim
ilar to that in Experiment 1. This finding might suggest that
the reduced spatial old/new effects in Experiment 3 re
sult from the additional processing load in the test phases.
It must be noted, however, that the above-mentioned post
hoc analysis relies on a variety of assumptions that can
not be confirmed with the data at hand. For instance, it
is assumed that the subjects use either strategy consistently
throughout all experimental trials and that mirror trans
formations in the test phase lead to increases in spatial pro
cessing load that are associated with reduced old/new ef
fects. Although the magnitude ofold/new differences has
been reported to correlate with the amount of information
retrieved from a prior study episode (see Rugg et al., 1995),
this only provides tentative support for the assumption
of an additional spatial-processing load causing attenu
ated old/new effects in the spatial task of Experiment 3.
From this it follows that, unless further experimentation
has not confirmed the validity ofthe above-mentioned as
sumptions, our conclusions with respect to retrieval op
erations for spatial information are tentative. With these
considerations in mind, we will now discuss the func
tional significance of the various ERP effects.

The Anticipation Phase: Rehearsal of Object
and Spatial Stimulus Features

Parietal maximal negative slow wave activity similar
to the slow wave activity evoked by the spatial task cue
has consistently been reported in tasks requiring the re
tention ofvisuospatial materials in working memory, such
as imaging spatial maps (Uhl, Goldenberg, et al., 1990)
or memorizing or transforming spatial configurations
(Heil et aI., 1996; Mecklinger & Miiller, 1996; Peronnet
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mance results were obtained when recognition judgments
were based on spatial locations than when they were
based on object forms. Moreover, old/new differences
with wide temporal and task-specific topographical dis
tributions were found for both recognition tasks. In the
early time interval, these effects were anteriorly focused
in the object task and posteriorly focused in the spatial
task. For the later time intervals (i.e., after 0.7 sec) for
both tasks, pronounced old/new differences were evident
at the right frontal recordings. In showing significant in
terference effects for a visual but not for a verbal sec
ondary task interpolated between the study and the test
phases, Experiment 2 supports the view that rehearsal of
both object locations and object forms was based on vi
sual representations in working memory. In Experi
ment 3, the question of whether the topographically dif
ferent old/new effects reflect differences between easy
and difficult recognition judgments or, rather, function
ally different retrieval operations for object forms and ob
ject locations was examined. Task performance was highly
similar for object-based and location-based recognition
judgments, and some of the topographic features of the
old/new effects in Experiment 1 were replicated. Again,

Figure 10. Strength of effect (w 2) of the response type manip
ulations in both recognition tasks at the frontal (F3, Fz, and F4)
and parietal-occipital (P3, Pz, P4, 01, and 02) electrodes for the
early transformation group in Experiment 3.
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& Farah, 1989; Ruchkin, Canoune, Johnson, & Ritter,
1995; Ruchkin et aI., 1992). Consistent with these studies,
posterior negative slow wave activity in the present ex
periments emerged when working memory operations
with spatial materials-that is, rehearsal ofthe four study
locations (Experiment 1) and mirror transformations and
rehearsal of the transformed locations (Experiment 3)
were required. Pronounced bilateral negative slow waves
at frontal recording, similar to those observed in the antic
ipation interval ofthe object task relative to the spatial task,
have been found in tasks in which figural materials had
to be retained in working memory (Mecklinger & Pfeifer,
1996; Uhl, Lang, Lang, Kornhuber, & Deecke, 1990).

It has been argued that negative slow waves reflect in
creased neuronal activity in restricted neocortical layers
close to the electrode sites at which they are recorded (Bir
baumer et aI., 1990; Somjen, 1973). Thus, the relative
differences in the slow wave pattern might suggest that
parietal-occipital brain areas, which also constitute the
dorsal pathway involved in perceptual processing of spa
tial information (Ungerleider & Haxby, 1994) are rela
tively more engaged in spatial than in object working
memory processes. Conversely, frontal brain regions
might be more engaged in object memory processes. It
must be noted, however, that these conclusions are con
strained by the fact that ERP slow wave activity could only
be assessed as relative differences between the two condi
tions and thus cannot unambiguously be interpreted as
negative slow waves evoked by either task cue. Conse
quently, although ERP activity in the anticipation phase
was clearly dissociable, we cannot say with certainty which
functional processes they reflect and by which brain re
gions they are generated. Further experiments-for in
stance, one including a baseline anticipation phase with
out working memory requirements-are necessary to
further delineate the functional significance of ERP slow
wave activity in visual working memory tasks.

The Test Phase: Retrieval of Object
and Spatial Stimulus Features

Early time interval. Old/new effects for both types of
recognition judgments emerged in the early (i.e., P300)
time interval and in later time intervals during and after
the behavioral responses. It has repeatedly been argued
that the larger P300s for old responses result from dif
ferences in the target detection process between old and
new responses, so that the P300 reflects encountering the
match in general rather than processes directly linked to
the recognition process (cf. Neville et aI., 1986). How
ever, the finding of topographical differences of the old/
new effects evoked in the object and spatial recognition
tasks in the P300 interval provides strong evidence against
that view.

Johnson (1995) proposed that parietally focused P300
components in recognition memory paradigms reflect
the strength or discriminability of a memory trace dur
ing retrieval. In support of this hypothesis, Johnson,
Pfefferbaum, and Kopell (1985) found a close relation-

ship between the magnitude of the parietal P300 and the
hit rates during recognition. Moreover, only the parietal
P300 was found to increase with the number ofcorrectly
classified items. Consistent with this view, in Experi
ment 1, the waveforms in the P300 interval were more
positive at the central and parietal but not at the frontal
recording site for the easier-to-perform spatial task (cf.
Table 4). Moreover, for the early transformation group
ofExperiment 3, for which recognition performance was
virtually identical in both tasks, no between-task differ
ences were obtained for the early time interval of the
waveforms evoked by old responses (cf. Table 6). These
findings are consistent with the view that the parietal
P300 is associated with the strength or accessibility of
memory representations during recognition.

The analysis of between-task differences also offers
an explanation for the topographic dissociation of the
early old/new effects evoked by the two tasks. In both
experiments, new objects evoked more negative-going
ERPs than did new spatial locations in the 0.3-0.6-sec
time interval, with these effects being most pronounced
at frontal and central recordings. It has repeatedly been
found that, similar to words, pictorial stimuli that are in
consistent with a preceding context evoke N400-like
components (Barrett & Rugg, 1990; Ganis, Kutas, &
Sereno, 1996). Although it is still a matter of debate
whether pictures and words access the same or different
semantic systems (cf. Glaser, 1992), N400s evoked by
pictures, unlike N400s evoked by written words, are con
sistently found to be larger at frontal than at parietal
recording sites. Given this, it is conceivable that objects,
unlike spatial locations, are subjected to semantic pro
cessing (i.e., accessing the pictures' meanings) and that
this is reflected by a frontocentrally distributed N400 com
ponent to new objects, whose modulations underlie the
early old/new effects in the object but not in the spatial
task. In this framework it is conceivable that the parietal
maximal distribution of the old/new differences during
location-based judgments at least to some extent arose
from the absence ofconceptual semantic processing and
is more likely to reflect an increased parietally distributed
positivity associated with the retrieval of structural rep
resentations of spatial locations.

Late time intervals. In the later time intervals (i.e.,
after 0.7 sec), pronounced old/new differences emerged
in both tasks at the right frontal recordings. Interestingly,
besides being smaller in the spatial task than in the ob
ject task, these effects were also evident earlier for the
faster location-based judgments in Experiment 1 than in
the modified spatial task that was associated with longer
responses. These late old/new effects bear some similar
ities to ERP results from a recent study on memory for
source by Wilding and Rugg (1996). The authors found
a right frontal positive slow wave that was still present at
around 1,400 msec after the onset ofthe to-be-recognized
words. Since it was larger for correctly classified old
words, for which correct source judgments also were
made, it is assumed that this component is associated
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with the retrieval of context information from the study
episode. Similar to the Wilding and Rugg findings, the
late object-based old/new effects show hemispherical dif
ferences, with old objects evoking a more pronounced
positive slow wave at right than at left frontal recordings.
In view of these similarities, it is tempting to speculate
that the late right frontal effects reported by Wilding and
Rugg and those found in the present experiments may
index the same functions, such as the recollection ofcon
textual information from the study episode (i.e., in the
present experiments, the spatial or temporal position of
the objects). Thus, a reasonable but still tentative expla
nation for the late right frontal old/new effects might be
that they are associated with the recovery of context in
formation or with some type ofcontrol processes that op
erate on the products of the retrieval process. This latter
notion is also supported by recent functional-imaging
studies that have shown that the prefrontal cortex, espe
cially in the right hemisphere, covaried with the propor
tion of correctly retrieved words in a recognition mem
ory task (Rugg, Fletcher, Frith, Frackowiak, & Dolan,
1996) or in tasks that require the retrieval of episodic
memory information (Buckner, 1996; Nyberg, Cabeza,
& Tulving, 1996). However, further experimentation is
required to get a more detailed picture of the nature of
the cognitive activity associated with late old/new ERP
differences over the right frontal cortex.

In conclusion, the results add to the converging evi
dence that, similar to the disparity in the perceptual pro
cessing ofobject and spatial information, there are disso
ciable systems for retrieving object and spatial information
from visual working memory. Evidence for functionally
dissociable retrieval systems for object forms and object
locations was provided by the topographic dissociations
of the early old/new effects during object-basedand spatial
based recognition judgments. This dissociation was ob
tained when studied spatial locations had to be recognized
(Experiment 1)and, although less discernible, when recog
nition judgments were required for mirror transformations
ofthe studied locations (Experiment 3). This pattern ofre
sults can be taken as evidence that different brain regions
are involvedin retrieving object forms and spatial locations
from working memory. From a functional point of view,
the results are consistent with the view that object recog
nition involves access and retrieval ofconceptual seman
tic information, whereas recognition memory for object
locations relies on structural representations of spatial in
formation. Further research delineating the functional
characteristics of visual working memory processes as
well as the brain regions mediating these processes re
mains an important endeavor.
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NOTES

I. The p value for the task effect for CR scores was p < .001.
2. Since each test phase included four old and four new items, it is

conceivable that the subjects wereable to guess correctly to a larger ex
tent for late test items,yielding better recognition performance for these
items than for early test items. Toaddress this issue, error rates wereex
amined separately for the first and the second half of the test phases.
This analysis revealed that the error rates (collapsed across old and new
responses) sightly increased from 11.4% to 14.1% in the spatial task
but did not differ between the first (22.5%) and the second half(22.3%)
of the object recognition test phases. This pattern of results indicates
that recognition performance was not different for the first and second
half of the test phases and thus rules out the possibility that correct
guesses were more likely on later test items than on early test items.

Performance measures were also examined separately for old and
new objects presented at previouslystudied and unstudiedpositions and
for old and new spatial positions filled with previously studied and un
studied objects. In the object recognition task, the mean values for re
action time and percent errors (in parentheses) were 784 msec (22.0%)
and 778 msec (24.3%) for old objects presented at previously studied
and unstudied positions, respectively. The corresponding values for new
objects presented at studied and unstudied positions were 827 msec
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(21.8%) and 819 msec (21.6%), respectively. In the spatial recognition
task, performance for old positions filled with previously studied and
unstudied objects was 664 msec (16.6%) and 660 msec (15.2%), re
spectively. For new responses, the corresponding values for new posi
tions filled with studied and unstudied objects were 698 msec (10.2%)
and 707 msec (9.3%), respectively. None of these differences was sta
tistically reliable (Fs < I).

3. Figure 2 suggests that, at the parietal electrodes, the object task
cue evoked slightly larger P300 than the cue indicating location-based
judgments. An ANOYA, with task (2) and electrode (19) factors, per
formed for the mean amplitude measures in the 400-600-msec time
interval did not reveal reliable effects of task or task x electrode inter
action (Fs < I). At the Pz electrode, however, the between-task differ
ence was marginally significant [F(I,15) = 3.29,p < .08].

4. For the object task, the global MANOYAs, with response type (2
levels), electrode (19 levels), and time interval (3 levels) as factors, re
vealed significant main effects of response type [F(I,15) = 9.79, p <
.006] and time interval [F(2,30) = 6.32,p < .01] and interactions ofre
sponse type and electrode [F(l8,270) = 4.78,p < .001] and of time in
terval and electrode [F(36,540) = 6.14, p < .001]. The same analyses
performed for the spatial task revealed main effects of response type
[F(I,15) = 17.71,p < .0008] and time interval [F(2,30) = 12.93,p <
.0001] and interactions of response type and electrode [F(18,270) = 5.30,
p< .001] and of time interval and electrode [F(36,540) = 6.05,p< .001].

5. Omega? is a relative measure of treatment magnitude, reflecting
the proportional amount of the total population variance that can be at
tributed to the variations among the experimental treatments. The index
can range from 0 to I, and, according to Cohen (1977), an effect is con
sidered large if it produces an omega- of .15 or greater.

6. The same ANOYAsalso were performed for the three midline elec
trodes. These analyses revealed significant task X electrode interac
tions for the old/new differences in all three time intervals [F(2,30) =
10.72-46.22, ps < .00 I]. For the normalized data, significant interac
tions were obtained in all three time intervals as well (ps < .001).

7. The p value for the task effect for CR scores was p < .14 in Exper
iment3.

8. For the object task, the global MANOYA,with response type, elec
trode, and time interval as factors, revealed main effects of time interval
[F(2,34) = 25.13,p<.001]andresponsetype[F(I,17) = 560,p<.03]
and the following interactions: response type X electrode [F(18,306) =

3.85,p<.001],timeinterval X electrode [F(36,612) = 5.22,p<.002],
and time interval X response type [F(3,51) = 3.67,p < .05]. When the
same analysis was performed for the spatial task, main effects of time
interval [F(2,34) = 23.39, p < .00IJ, marginally significant effects of
response type [F(I, 17) = 4.07, p < .059], and a significant time inter
val X response type X electrode interaction [F(36,612) = 2.78,p < .01]
were obtained.

9. Highly similar results were obtained when ANOYAs, with task and
electrode as factors, were performed for the old/new differences at the
midline electrodes in Experiment 3. For the early old/new effects, there
were task X electrode interactions for the raw data [F(2,34) = 4.54,p <
.02] and the normalized data [F(2,34) = 3.73,p < .04J, whereas no sta
tistically significant interactions were obtained for the raw and normal
ized data in the middle and late time intervals (ps > .I 5).

10. These observations were quantified using the early (0.3-0.6 sec),
middle, and late time intervals of the ERP waveforms. For the early
transformation group, the three-way ANOYA, with response type (2
levels), electrode (19 levels), and time interval (3 levels) as factors, re
vealed main effects oftime interval [F(2,16) = 1O.31,p< .01] and mar
ginally significant effects of response type [F(I,8) = 4.10, p < .07].
Moreover, there was a significant interaction ofresponse type and time
interval [F(2, 16) = 4.48, p < .02]. In contrast, for the late transforma
tion group, neither a main effect of response type nor any significant
interaction involving this factor was obtained (ps >.20).
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